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Abstract
We report on thermal transport properties of
wurtzite GaN in the presence of dislocations, by
using molecular dynamics simulations. A variety
of isolated dislocations in a nanowire configura-
tion were analyzed and found to reduce consid-
erably the thermal conductivity while impacting
its temperature dependence in a different man-
ner. We demonstrate that isolated screw disloca-
tions reduce the thermal conductivity by a factor
of two, while the influence of edge dislocations is
less pronounced. The relative reduction of ther-
mal conductivity is correlated with the strain en-
ergy of each of the five studied types of disloca-
tions and the nature of the bonds around the
dislocation core. The temperature dependence
of the thermal conductivity follows a physical
law described by a T−1 variation in combination
with an exponent factor which depends on the
material’s nature, the type and the structural
characteristics of the dislocation’s core. Further-
more, the impact of the dislocations density on
the thermal conductivity of bulk GaN is exam-
ined. The variation and even the absolute val-
ues of the total thermal conductivity as a func-
tion of the dislocation density is similar for both
types of dislocations. The thermal conductiv-
ity tensors along the parallel and perpendicular
directions to the dislocation lines are analyzed.
The discrepancy of the anisotropy of the ther-
mal conductivity grows in increasing the density
of dislocations and it is more pronounced for the
systems with edge dislocations.
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1 Introduction
Among III-V semiconductors, Gallium Nitride
(GaN) has a plethora of applications namely in
optoelectronics, piezoelectronics and high tem-
perature electronic devices as it has a wide en-
ergy bandgap and strong chemical bonds, which
makes it very stable at high temperatures[1, 2,
3]. Another interesting property of GaN is its
high thermal conductivity even for 1-D materials
like: pristine or core/shell nanowires, nanorods,
etc. Indeed, in GaN, the reduction of the ther-
mal transport, when decreasing the dimension-
ality compared to the bulk, reaches a factor of
2, while a factor of 10 or more is observed in
the case of Silicon[4, 5]. Nevertheless, as all III-
V semiconductors, GaN exhibits a high density
of structural defects, such as dislocations, which
perturb the heat fluxes while creating overheated
zones. This affects the performances and re-
duces the life-time especially of electronic and
optoelectronic devices. Threading dislocations
are the major type of defects in heteroepitaxial,
polar c-plane GaN layers [6, 7]. Their effect on
the electronic properties has been a matter of
extensive investigation[8, 9, 10].
The influence of threading dislocations on
thermal transport has not been elucidated yet.
However, the few existing theoretical studies
focus solely on the impact of screw disloca-
tions [11, 12, 13]. Dislocations and composi-
tional inhomogenities create energy states in the
gap as well as band fluctuations. This leads to an
increased nonuniformity which causes shunting,
local heating and non-unique degradation [9].
Dislocations are responsible for reverse break-
down and substantial leakage current in opto-
electronics which reduce drastically the operat-
ing lifetime of devices. In order to control the
behavior of the manufactured devices, we should
be able to predict and tailor the impact of dis-
locations. Tuning the latter is a crucial issue for
performing efficiency, stability and reliability of
different electronic devices. From a fundamental
point of view, the interaction of phonons with
dislocations is far from being understood as only
macroscopic models are suggested in the litera-
ture.
Phonons can be scattered by dislocations ac-
cording to two distinguished mechanisms: a
short-range and a long range one [14]. In the
first mechanism, phonons are scattered, in the
immediate vicinity of the dislocation line, by
the atoms located at the core, while in the sec-
ond one scattering is due to the long ranged
elastic strain field of dislocations. Theoreti-
cal models describing phonon-dislocation inter-
actions can be categorized into static or dy-
namic [15]. This refers to the position of the
dislocation relative to the crystalline lattice dur-
ing the phonon-dislocation interaction. Within
molecular dynamics, both short and long-range
scattering mechanisms and static or dynamic
phonon-dislocation interactions are meant to be
taken into account.
The few experimental and theoretical studies
considering the effect of the dislocation density
on the thermal conductivity of bulk GaN re-
vealed two regimes; in low density dislocation
regime there is a plateau and thus the thermal
conductivity is invariant as a function of the dis-
location density, while in high density disloca-
tion regime the thermal conductivity is severely
degraded with a logarithmic dependence on the
density [16, 17, 18, 19]. At low temperature, the
origin of the “anomalous” behavior of the ther-
mal conductivity in crystals with high disloca-
tion density was assumed by Kogure and Hiki[20]
to be related to quasi-local phonon modes, which
are spatially restricted inside a narrow region
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around dislocations.
Recently, Kim et al [21] proposed a method-
ology to introduce grain boundary dislocations
in bulk bismuth telluride in order to increase
the thermoelectric efficiency. These dislocations
do not degradate the electrical conductivity but
they reduce drastically the thermal conductiv-
ity. Bathula et al [22] related the substantial en-
hancement of the thermoelectric figure of merit
(ZT) of nanostructured Si80Ge20 alloy to an ul-
tralow thermal conductivity, due to scattering
of low-to-high wavelength heat-carrying phonons
to point defects and dislocations. For the same
alloy, Basu et al [23] found a ZT even higher
than in the latter report and again dislocations
were one of the explanations suggested for this
enhancement. Murphy et al [24] proposed to
tailor thermal transport by controlling the de-
fects and the phonon scattering times. They
claimed that vacancies, impurities and disloca-
tions affect the phonon transport through inter-
atomic bonding forces, strain gradients around
the defects and local changes in mass. By com-
bining Monte Carlo and first principal calcula-
tions, Ma et al [25], found that point defects and
dislocations reduce the thermal conductivity of
GaN mainly by restraining the transverse modes,
while they have a little influence on the longitu-
dinal ones.
In SiC nanowires, Ni et al [11] showed that
the core of a screw dislocation is a source of an-
harmonic phonon-phonon scattering and thus re-
duces the relaxation time of longitudinal acous-
tic phonons. Xiong et al [12] studied the impact
of one type of screw dislocation while changing
the Burger vector from 1 × a0 to 3 × a0 in sil-
icon nanowires and nanotubes. Very recently,
Al-Ghalith-Ni-Dumitrica [13], studied PbSe and
SiGe nanowires containing screw dislocations
with various types of Burgers vectors. In the
three previous studies, phonon scattering by dis-
locations has been suggested as an explanation
for the thermal conductivity reduction. Gib-
bons et al [26] claimed that, in covalent crystals,
impurities introduce localized vibrational modes
which may absorb energy. These spatially local-
ized vibrational modes can trap not only elec-
tric charges [27] but also phonons with vibra-
tional lifetimes several hundred periods of oscil-
lation [27, 28]. These trapped phonons finally
decay into lower frequency modes, thus reduc-
ing the thermal conductivity of the material [27].
Previous study of D. Spiteri et al [29], has con-
cluded that screw and edge dislocations lead to
a reduction of about 39% and 51% of the bulk
GaN thermal conductivity respectively.
The purpose of the present work is to study
in a systematic way and to give physical insights
on the influence of edge and screw dislocations,
temperature and the density of dislocations on
the thermal conductivity of GaN. In order to
study the influence of isolated dislocations on
thermal conductivity, first the structural con-
figurations of nanowires are considered. Over-
all five different core configurations are modeled.
This choice is related to the fact that it is not
possible to obtain an isolated dislocation in a
bulk system modeled with MD and with peri-
odic boundary conditions. To ensure neutral-
ization while adopting periodic boundary condi-
tions (PBCs), one have to model minimum two
opposite signed dislocations to achieve elimina-
tion of the total Burgers vector in the supercell.
Thus, the presently used nanowire configurations
offer the ability to investigate the influence of an
isolated single dislocation on thermal conductiv-
ity. We have considered dislocations that ex-
tend along the [0001] direction which is the NWs
growth direction. We then determine the influ-
ence of both: (i) the type of dislocation and (ii)
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the nature of the chemical bonds involved in its
core, on the thermal conductivity along the dis-
location line. For all five dislocation configura-
tions, the temperature dependence of the ther-
mal conductivity is calculated and a correction
of the relation between thermal conductivity and
temperature is proposed, with the introduction
of an exponential factor. Finally, the effect of
the dislocation density on the thermal conduc-
tivity is studied for a bulk system. The thermal
anisotropy parallel and perpendicular to the dis-
location lines is analyzed.
This paper is organized as follows: in section
II, model systems and the equilibrium molecu-
lar dynamics method are described, in section
III the results on the thermal conductivity first
of bulk, pristine GaN nanowires and of GaN
nanowires with edge and screw dislocations are
presented at 300 K. Then, an analytically cal-
culated strain energy using elasticity theory for
both types of dislocations and the thermal con-
ductivity temperature dependence is appraised.
The effect of the dislocations’ density on bulk
GaN is also evaluated, revealing differences on
the evolution of the thermal conductivity vectors
parallel and perpendicular to the dislocation. Fi-
nally in section IV the conclusions of this work
are reported.
sectionModelling defected nanowires and bulk
In wurtzite GaN grown along the so-called
polar direction, threading edge and screw dis-
locations have their lines laying in the [0001]
direction. These dislocations are perfect and
their Burgers vectors are respectively be =
1/3[1120] and bs=[0001]. For the edge disloca-
tion, the Burgers vector has a magnitude of b
= 3.189 A˚ and is perpendicular to the line di-
rection, while that of the screw one is parallel
to the line direction having a magnitude of b =
5.214 A˚.
Linear elasticity theory [30] provides a good
framework to describe most of the properties of
dislocations. Unless it fails to describe the core
region, where the atomistic nature of the mate-
rial is prevalent, elasticity theory is able to ac-
count for the displacement field of dislocations
outside the core. Hence, in Cartesian orthogo-
nal coordinate system where dislocations are as-
sumed to be along the z direction, the displace-
ment field of an edge dislocation for which the
Burgers vector is assumed along the x is given
by [30]:
ux =
b
2pi
[arctan
y
x
+
xy
2(1− ν)(x2 + y2)
] (1)
uy = −
b
2pi
[
1− 2ν
4(1 − ν)
ln(x2+y2)+
x2 − y2
4(1 − ν)(x2 + y2)
]
(2)
Where ν represents the Poisson ratio. The
displacement field of a screw dislocation along
the z direction is given by [30]:
uz =
b
2pi
arctan
y
x
(3)
In the present work, edge and screw disloca-
tions were atomistically modeled by using the
so-called: supercell-cluster hybrids [31], within
a multi-step procedure. A supercell-cluster hy-
brid contains a single dislocation and is periodic
along the dislocation line direction, i.e. [0001].
Dislocations are introduced in a perfect wurtzite
GaN crystal by applying the displacement field
given by elasticity theory [Eq 1-3] which leads
to reasonable initial atomic positions. Multiple
atomic core configurations are obtained for ei-
ther edge or screw dislocations, by considering
the center of the aforementioned displacement
fields is considered in various positions [32]. In
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figure 1 the hexagonal atomic unit of a wurtzite
structure, projected along the [0001] direction, is
presented. It is proved that, concerning the edge
dislocation: the 4-atom ring (4E), 5/7-atom ring
(5/7E) and 8-atom ring (8E) core atomic config-
urations are formed when the origin of the dis-
placement field at the positions I, II and III re-
spectively [33, 34, 35]. Similarly for the screw
dislocation, the single 6-atom ring (S6S) con-
figuration is formed when the origin of the dis-
placement field is positioned on the IV point,
while when the origin is located on the I point,
the double 6-atom ring configuration (D6S) is
constructed [36, 37].
Initially, very large supercell-cluster hybrids
of about 30000 atoms containing an edge or
a screw dislocation were constructed. These
were pre-relaxed using empirical potentials fol-
lowing the methodology described by Kioseoglou
et al [33, 34] and Belabbas et al [36]. In a
subsequent step smaller models of about 200
atoms were treated at the Density Functional
Theory (DFT) level [38, 39]. These models were
constructed from the previous ones and their
lateral surfaces were passivated by fractionally
charged pseudohydrogens. The passivation is
implemented following the electron counting rule
(ECR) [40]. Hence, the N dangling bond (DB)
are saturated by pseudohydrogens that provide
3/4e and the Ga DBs by pseudohydrogens with
a fractional charge of 5/4e.
Our DFT calculations are performed using the
ABINIT code [41] within the local density ap-
proximation implementing modified pseudopo-
tentials (MPP-LDA) [42]. The atomistic models
were allowed to relax until the energy difference
between successive relaxation steps was smaller
than 2 × 10−5 eV. A 50 Ry cutoff was used for
the plane-wave basis set while explicitly includ-
ing Ga-3d electrons in the valence in order to
improve the accuracy [43]. The Brillouin zone
was sampled through a 1 × 1 × 4 Monkhorst-
Pack k-point grid.
The equilibrium positions were obtained
through a relaxation based on the BFGS algo-
rithm [44]. This procedure was conducted as fol-
low [45]: for each cluster an outer region, consist-
ing of the pseudohydrogens and the Ga, N atoms
bonded to them, and an inner region which in-
cludes the rest of the atoms are considered. Ini-
tially the outer region is relaxed while the rest
atoms were fixed. Afterwards, all atoms in the
outer region are kept fixed to the positions de-
rived from the previous step and the inner area
atoms are allowed to fully relax. Periodic bound-
ary conditions were implemented along the dis-
location line direction, while fixed boundaries
with a vacuum of 12 A˚ are considered along
the two perpendicular directions. Following this
procedure we circumvent the strain underestima-
tion induced by implementation of the supercell-
cluster hybrid approach[31].
For the edge dislocation we modeled the 4E,
5/7E and the 8E, while for the screw dislocation,
we considered the S6S and the D6S core config-
urations. The previous numbers correspond to
the numbers of atoms forming the closest ring
surrounding the dislocation line: 4, 5 and 7, 8
for the edge dislocation and a single six or a
double six rings for the screw dislocation. In
contrast to the report of Ni et al study[11] in
SiC, where the authors limited themselves to the
configuration S6S, we have in addition consid-
ered the configuration D6S. The latter contains
some homoelemental “wrong” bonds (Ga-Ga, N-
N), which being weaker than the Ga-N covalent
bonds and they substantially influence the de-
gree of the thermal conductivity reduction, as we
will see in the following. All modeled nanowires
have square cross-section with dimensions 4 nm
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Figure 1: The hexagonal atomic unit of a
wurtzite structure projected along the [0001] di-
rection is presented. Four points I, II, III and
VI, are denoted, which are used as origin of the
displacement fields of the screw and edge dislo-
cations. Large (blue) spheres denote Ga atoms,
while small (red) spheres are N atoms.
× 4 nm and length of 10 nm. The disloca-
tions density with the specific cross-section is
70.9 × 1011 cm−2.
Concerning bulk systems and the study of the
impact of the dislocation density on the thermal
transport, as it was indicated in the introduction
in order to ensure neutralization of the disloca-
tions while applying periodic boundary condi-
tions, four dislocations are created in the super-
cells. The dislocations are constructed in pairs
of opposite signs dipoles either along the [1010]
and the [1210] directions. We varied the dimen-
sions of the cell, meaning also the distance of the
dislocation pairs to achieve a variety of disloca-
tion’s density. It should be noticed that due to
extremely high computational cost, we achieve
to investigate super-cells up to about 1012 cm−2
density of dislocations by the use of super-cells
having about 370.000 atoms. This order of den-
sity of dislocations reaches the experimentally
observed limits and it is sufficient to interpret
the influence of dislocations in the real world
GaN thin films and bulk materials. Another in-
teresting point is the fact that the use of pairs of
dislocations of opposite signs in MD simulations
it is expected to lead to annihilation of the dislo-
cations. Indeed, even at 300 K in all the super-
cells having edge dislocations, annihilation is ob-
served rapidly leading to the formation of per-
fect crystalline bulk GaN. In super-cells contain-
ing screw dislocations annihilation is observed
for dislocation densities up to 4 × 1013 cm−2.
In lower dislocation densities the attraction be-
tween the screw dislocations of opposite signs is
not sufficient in order to annihilate them and
hence we are able to investigate them. In or-
der to avoid the annihilation of the edge disloca-
tions, we implement a specific procedure in the
LAMMPS code. We set a sufficient spring force
independently to specific dislocation core atoms
along the [1010] direction and we preserved the
edge dislocations in all the MD studies. How-
ever, those spring forces substantially influenced
the phonon heat transfer and consequently the
thermal properties along the [1010] direction on
supercells with edge dislocations are not reliable
and are not considered in the present study.
In order to determine the thermal conduc-
tivity, we ran equilibrium molecular dynamics
(EMD) simulations, using the LAMMPS [46, 47],
a molecular dynamics code. The main idea of a
EMD simulation is that the decay of the heat
flux fluctuations is proportional to the thermal
conductivity via the Green-Kubo formula [48].
As the described previously, the initial struc-
tures were created by ab-initio simulations and
then they were replicated by 20 times along the
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[0001] direction, while removing the terminating
pseudohydrogen atoms, to form a nanowire with
a free surface. The lattice parameters and the
atomic positions of the model are rescaled to the
equilibrium lattice parameters of the modified
Stillinger-Weber potentential (MSWp)[49].
The timestep was set to 0.5 fs, and then we
obtained thermalisation with the NVT ensemble
at 300 K for 200 ps, equilibration with NVE for
2 ns and then averaging for 4 − 5 ns. Periodic
boundary conditions in all directions and a mod-
ified Stillinger-Weber interatomic potential[49]
are used. This potential reproduces well the
thermal conductivity of the bulk GaN compared
to the literature (160 W/mK). The simulation
box was set 6 nm×6 nm×10 nm with 1 nm
empty space between the nanowire and the box,
to ensure that there are no interactions between
two adjacent nanowires. The thermal conduc-
tivity along the c-direction was computed using
the Green-Kubo method which is based on the
fluctuation-dissipation theorem:
κz =
V
kBT 2
∫ +∞
0
〈jz(t)jz(0)〉 (4)
where V is the system volume, kB the Boltz-
mann constant and jz(t) is the instanteneous mi-
croscopic heat flux in the z-direction. We per-
formed EMD simulations using 20 seeds of ini-
tial velocity to obtain results with satisfactory
uncertainty (less than 10%).
2 Results
As wurtzite GaN has a hexagonal structure,
the a-b and c directions, corresponding respec-
tively to [1120], [1010] and [0001], are not equiv-
alent. The average thermal conductivity is
found to be 148 ± 8 W/mK. The [0001] di-
rection has slightly higher thermal conductiv-
ity tensor (160 ± 10 W/mK) than the a and
b-directions (142 ± 6 W/mK). Here we found
a thermal anisotropy of 11%, that is more pro-
nounced than the 1% suggested in the work of
Slack et al[50]. In the latter, they explained this
anisotropy due to the sound velocity anisotropy
(u‖ = 5.51 × 10
5 cm/s compared to u⊥ =
5.56 × 105 cm/s) [51]. The different orienta-
tions are easily to be explored with the EMD
method as we can use the autocorrelation func-
tion of different heat flux directions. By inte-
grating scattering terms that account for the ef-
fect of screw and edge dislocations, in a kinetic
theory based model, Kotchetkov et al claimed
that the large dispersion of the measured ther-
mal conductivity of bulk GaN (130−250 W/mK)
is due to the density of dislocations [18]. In
the literature, there are several studies concern-
ing the bulk thermal conductivity of GaN with
several methods. By using the Non-Equilibrium
Molecular Dynamics method (NEMD), Zhou et
al found a value of 185 W/mK [52] while with the
same method Liang et al [53] estimated the ther-
mal conductivity in the [0001] direction equal to
166 ± 11 W/mK. They [53] explained the large
discrepancy of their results obtained by differ-
ent methods to the important contributions from
long-mean free path phonons to the thermal con-
ductivity. Kawamura et al calculated the bulk
thermal conductivity with the EMD method and
they found that at 300 K, it ranges between
310− 380 W/mK [54], while in their article they
have included a figure with several values taken
by the literature of the thermal conductivity of
GaN, with the most of the values in the range of
150 − 200 W/mK.
Our purpose is not to make corrections of the
interatomic potential or evaluate the impact of
different methods on the thermal conductivity.
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We want to evaluate the impact of different types
of dislocations and thus we consider that the cal-
culated bulk thermal conductivity in our study
is a good base to continue this investigation.
All modeled nanowires, pristine or with dis-
locations, are extended along the [0001] direc-
tion. A square shape cross-section of nanowires
has been chosen to include the influence of the
two main families of facets observed on wurtzite
structure nanowires on the results: the 1010 and
the 1120.
The thermal conductivity of the pristine GaN
nanowire has been calculated to be equal to 49
±3 W/mK.
This value is close to a previously reported
one by Wang et al[55], who found by using the
non-equilibrium molecular dynamics that GaN
nanowires with diameter of 6.44 nm and length
of 10 nm has a thermal conductivity equal to
48 W/mK. We notice that the thermal conduc-
tivity of the GaN nanowires decreases by a factor
of 65 % and this reduction is much less impor-
tant than in the case of Si or Ge nanowires, as
mentioned in the introduction.
2.1 Thermal conductivity of GaN
nanowires with edge and screw
dislocations
Nanowires with three different configurations of
edge dislocations and two with screw disloca-
tions, (figure 2) are modeled. The thermal con-
ductivity in all nanowires with all five disloca-
tions’ configurations decreases compared to the
pristine nanowire. The results are gathered to
distinguish the influence of the two types of dis-
locations (figure 3). The discrepancy between
nanowires with dislocations of different core con-
figurations is quite remarkable. Let’s concen-
trate first on the results concerning nanowires
with edge dislocations. The thermal conductiv-
ity of the nanowire with the 8E dislocation is
almost the same as the pristine nanowire, while
the two other core configurations of edge dislo-
cation have much lower thermal conductivities.
The difference between the several core config-
urations is the nature of the bonds involved by
the atoms at the core of the dislocations. In
the case of 8E dislocation, there is a row of
low coordinated atoms that undergo a dimeriza-
tion along the dislocation line direction instead
of exhibiting an sp3 hybridization that charac-
terizes the bulk wurtzite structure[56]. Hence,
the atomic core configuration of the 8E dislo-
cation exhibits low stresses and bonding condi-
tions fairly similar to the perfect structure. On
the other hand, in the nanowire with 5/7E dis-
location, there is “wrong” bonds established be-
tween atoms of the same species (Ga-Ga and N-
N). These are always covalent bonds but with
lower binding energy, meaning less strong in
comparison with the Ga-N bonds at equilib-
rium. The lowest thermal conductivity ap-
pears for the nanowires with the 4E disloca-
tion 38 ± 4 W/mK. In the latter nanowire,
there is a row of over-coordinated atoms, lead-
ing to high stresses[34]. Over-coordinated cova-
lent bonds are more strained but less stiffer than
the “wrong” bonds and this reduces further the
thermal conductivity. The same analysis is valid
also for the nanowires with screw dislocations.
Indeed, in the nanowire with the screw D6S dis-
location there are “wrong bonds”, while in the
nanowires with the S6S dislocation all bonds are
between Ga and N atoms, associated with higher
stresses which decrease further the thermal con-
ductivity. The aforementioned analysis, gives a
compact explanation of the impact of the dif-
ferent core configurations of dislocations on the
thermal conductivity.
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Figure 2: Cross-sections of the a. pristine nanowires with square cross-section, nanowires with
screw dislocation which involves six atoms S6S (b) and screw dislocation which involves twelve
atoms D6S (c). In d, e, f subfigures, there are nanowires with three types of edge dislocations, 4E,
5/7E, 8E respectively. With red cycles we marked the atoms involved directly to the dislocation.
The issue to address now, is explaining the
difference between the two types of disloca-
tions in impacting thermal conductivity (light
grey square for the edge dislocations and dark
grey square for the screw dislocations, figure 3).
The reduction of the thermal transport due
to phonons is more pronounced in the case
of the nanowires with the screw dislocations
52 % with an average thermal conductivity of
23.7 ± 0.9 W/mK, while the reduction of the
edge dislocations is less than 20 % compared to
the pristine nanowires, with an average thermal
conductivity of 41 ± 4 W/mK. As it will exposed
in the following paragraph, the different impact
that have edge or screw dislocations on the ther-
mal conductivity of the nanowires can be related
to their different associated elastic energies.
To understand the relative reduction of the
thermal conductivity between the two types of
dislocations, we analyzed some mechanical prop-
erties of the two kinds of defected nanowires.
The calculated Young modulus for the bulk GaN
in the [0001] direction found to be 365 GPa
and 350 GPa in the [100] direction, which is in
a good agreement with experimental results[57,
58]. The difference of the Young modulus be-
tween the nanowires with the edge dislocation
for the three configurations is 120 GPa and for
the screw dislocation 115 GPa for the S6S and
120 GPa for the D6S. The values are almost
the same for the two families of dislocations,
and this clearly cannot explain the discrepancy
of the calculated thermal conductivity between
the two nanowires. The ratio between the aver-
age thermal conductivity of the nanowires with
screw dislocations and the edge dislocation is
TCscrew
TCedge
= 24
44
= 0.54 and this reduction by a
factor of two cannot be assigned to their Young
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Figure 3: Thermal conductivity for pristine
nanowires and nanowires containing difference
types of dislocations. There are three sub-types
of edge dislocations and two sub-types of screw
dislocations. The light grey rectangular contains
the edge dislocations and the dark grey the screw
dislocations. The red rectangles inside the grey
regions correspond to the average thermal con-
ductivities of each type of defected nanowire.
moduli.
2.2 Elasticity theory
In order to understand better the difference of
the thermal conductivity between the two types
of dislocations, we have calculated analytically
the strain energy of an infinite straight disloca-
tion in a perfect crystal using linear elasticity
theory[30]. The total strain energy of a dislo-
cation is equal to the sum of elastic and core
energies:
Etotal = Eelastic +Ecore (5)
The elastic energy per unit length of a dislo-
cation (r0 ≤ R) contained in a cylinder of radius
R is given by
Eelastic = Aln(
R
r0
) (6)
where
A =
Kb2
2pi
(7)
A is the prelogarithmic factor, b is the magni-
tude of the Burgers vector, K is an energy factor
and r0 is the core radius.
The energy factors for the screw (Ks) and
edge (Ke) perfect dislocations following the
anisotropic elasticity theory for a hexagonal
structure [1] are equal to:
Ks = C44 (8)
Ke =
C211 − C
2
12
2C11
(9)
where C11, C12, and C44 are elastic constants.
Using the elasticity theory, the prelogarithmic
factors for the edge and the screw dislocations
were calculated, as well as the ratio between
them. Using elastic constants calculated by the
MSWp[59], the prelogarithmic factors are found
to be Ae=0.77 eV/A˚ and As=1.46 eV/A˚ lead-
ing to a ratio equal to Ae
As
=0.53. If experimen-
tal determined elastic constants[51] are used the
prelogarithmic factors are Ae=0.85 eV/A˚ and
As=1.38 eV/A˚, and the ratio between them
equals Ae
As
=0.62. The elastic energy of a disloca-
tion is related to the radius of the cylinder and
it is infinite for an infinite crystal. However, it
can be calculated for a finite radius, and the cal-
culated thermal conductivity is found inversely
proportional to the stored elastic energy for the
two perfect threading dislocations.
It is well known that there are big differ-
ences on the stress fields between the edge and
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the screw dislocations in wurtzite GaN. For
the screw dislocation the induced stress on the
plane perpendicular to the dislocation line is
pure shear stress with complete radial symme-
try, while for the edge dislocations there are ten-
sile and compressive lobes. These characteristics
may explain the differences identified in thermal
conductivity in figure 3 between the edge and
the screw threading dislocations. Moreover, the
high elastic strain energy of the screw dislocation
compared to that of the edge one is due to the
difference between the magnitudes of their Burg-
ers vectors. Then, a screw dislocation induces
more strained Ga-N bonds in the elastic region
than does an edge dislocation. This may explain
why a screw dislocation reduces the thermal con-
ductivity of GaN than the edge dislocation.
It should be noticed that the important im-
pact of the screw dislocation on thermal con-
ductivity is analogous to their impact on op-
toelectronic properties. As it is proved by J.
Abell and T.D. Moustakas [60], the suppression
of the nonradiative recombination in screw dis-
locations leads to an increment by a factor of 2
of the internal quantum efficiency of InGaN mul-
tiple quantum wells grown on GaN. This leads
to the conclusion that although the majority of
the threading dislocations in GaN are of the edge
type, the most crucial dislocations either for the
optoelectronic or the thermal properties of the
devices are the screw dislocations. As it is eluci-
dated in the current study, the edge dislocation
does not impact severely the thermal properties
of the GaN. Moreover, following the experimen-
tal results of Ref [60], this is also valid for the
their optoelectronic properties, and hence, their
overall influence on the GaN based device per-
formance should not be considered detrimental.
In order to evaluate the elastic energy of the
dislocations, the energy in the region bounded
by a cylinder of radius R is plotted versus ln(R).
The core radius r0 is taken at the point where the
curve stops being linear r0 ≤ R and consequently
Eq. 6 can be written as:
Eelstic(r) = AlnR−Alnr0 (10)
The corresponding prelogarithmic factor is
evaluated by the above fitting equation to the
calculated by MD values. Following the pro-
cedure described above, figure 4 illustrate the
energy versus ln(R) plots for the (a) S6S and
(b) 4E dislocations. In both cases, it can be
observed three regions. Initially the core re-
gion where the atoms are bonded following the
structural characteristics of the simulated core
configuration, after that the curves become lin-
ear and the energy adopts the expression given
by elasticity theory. After the elastic region,
the energy is suddenly increased due to the
surface effects of the considered configurations.
Due to the surface relaxation of the considered
models the elastic region is influenced in such
a way that the slope of the linear elastic re-
gion is increased with respect to the values ex-
pected by the elasticity theory. This behav-
ior that the presence of free surfaces leads to
a quick enhancement of the strain energy has
been also identified previously [61, 62]. The
slope of the elastic region, following the above
equation, corresponds to the prelogarithmic fac-
tor A. The prelogarithmic factors are found to
be As=2.24 eV/A˚ and Ae=1.24 eV/A˚ leading to
a ratio equal to Ae/As=0.55 in agreement with
the elasticity theory prediction Ae/As=0.53. It
is also evaluated the spatial extension of the sur-
face effect which is found equal ∼ 9 A˚ for both
screw and edge dislocations.
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Figure 4: (Color online) Energy stored in a cylinder of radius R as a function of ln(R) for the (a)
S6S and (b) 4E dislocations. The three identified regions are denoted. The core region, the elastic
region where the linear fit is performed in order to evaluate the prelogarithmic factor A, and the
surface region.
2.3 Temperature dependence of the
thermal conductivity
The temperature dependence of the thermal con-
ductivity of pristine nanowires and those con-
taining two types of dislocations were appraised
to demonstrate the existence or not of anhar-
monic effects. Generally, the thermal conduc-
tivity of all types of nanowires is decreasing by
the enhancement of the temperature. This was
already demonstrated in GaN layers by Kotch-
etkov et al [18] who combined both experimental
data with an analytical model. In figure 5(a and
b) one can observe that for pristine nanowires
the reduction of the thermal conductivity as a
function of the temperature is much faster than
in the nanowires containing dislocations. The
different types of dislocations reduce in a differ-
ent way the thermal conductivity and thus af-
fect in a different manner its temperature de-
pendence [63].
For the nanowire with the 5/7E dislocation
the rate of the thermal conductivity reduction
is less but still similar to that of the pristine
nanowire. Otherwise, the slope is getting less
and less important in the 4E, D6S and S6S
nanowires. This could be attributed to the fact
that the anharmonic effects become less impor-
tant in last three nanowires than for the pris-
tine nanowire and that with the 5/7E disloca-
tion. This might be related to the fact that in
the case of the defected nanowires, the normal
scattering and the phonon-dislocation scattering
continues to play a predominant role, while in
the pristine and nanowire with the 5/7E dislo-
cation, the Umklapp process dominates, result-
ing in a rapid reduction of the slop. In the case
of the 8E configuration the picture is different
as the core contains dangling bonds. We then
observe an important reduction of the thermal
conductivity between 400 K and 500 K, while it
is almost constant at lower temperatures. It is
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Figure 5: (Color online) Thermal conductivity of the pristine and the two screw (a) and three edge
(b) defected nanowires as the function of the temperature. The solid lines represent the above
described theoretical approach.
interesting to note here that Kamatagi et al [64]
have shown that an increase in the dislocation
scattering strength shifts the temperature of the
maximum thermal conductivity towards higher
temperatures. This might explain the different
temperature dependences of the thermal conduc-
tivity of 8E and D6S nanowires.
We observe also a crossing of the thermal con-
ductivity curves of the nanowires with 5/7E and
4E dislocations. The values are close but we
can observe a tendency according to nanowires
with dislocations which contain “wrong bonds”
have more severe impact on the thermal con-
ductivity in high temperatures than the usual
Ga-N covalent bonds. The different behavior
of phonons within structures with dislocations
might be related with different spatially local-
ized modes associate with the different types of
dislocations [27]. It is not on the scope of the
current study, but it will be interesting to inves-
tigate the dynamic properties of defects as the
vibrational lifetimes of phonons trapped in each
kind of dislocations [26, 27, 28, 65].
It is well known that the effect of uniform elas-
tic strain on thermal conductivity can be elab-
orated by means of Peierls [66] formulation as
it is presented by Somnath Bhowmick and Vi-
jay B. Shenoy [67]. Taking into account that the
phonon frequencies are expected to scale with
strain as ω = ω0ε
−α, where ε is the uniform
elastic strain and ε < 1 for compression while
ε > 1 for tension, and α is a non-universal
(potential dependent) parameter, it is concluded
that the thermal conductivity κ is analogous to
T−1εγ , where γ is a material dependent param-
eter [67]. This dependence of the thermal con-
ductivity has been validated previously by MD
simulations [68] and has been extensively used
in a variety of bulk and nanostructured mate-
rials [69, 70] in order to elucidate the elastic
strain effect on thermal properties. The crys-
tal lattice is heavily and not uniformly strained
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around a dislocation. Consequently, the physical
properties influencing the phonon dispersion in
the crystalline lattice, such as the mass density
and the forces between the neighboring atoms,
considerably deviate in the dislocated area from
other parts of the crystal that are under uni-
form elastic strain. Definitely, the scattering of
phonons on the disturbed areas due to the dis-
location stress fields, reduces the lattice thermal
conductivity. The dislocation stress and conse-
quently strain field of edge and screw disloca-
tions exhibit a 3D dispersion, which is quite dif-
ferent from the uniform elastic strain. Only the
elastic energy (Eq. 6) presents a linear behavior
with the logarithm of the radius from the core
of the dislocation in a coaxial cylinder with the
dislocation line. It is well known that the elastic
energy is proportional to the elastic strain un-
der the limits of the elasticity theory and hence,
the phonon frequencies are anticipated to vary
with elastic energy. Consequently the thermal
conductivity of dislocations should follow the re-
lationship:
κ ∝ T−1EJelastic (11)
where J is a material and more specifically dis-
locations core dependent parameter. If we con-
sider Eq. 6, the thermal conductivity should be
related with the prelogarithmic factor of the dis-
locations in the following way:
κ ∝ T−1AJ (12)
For the pristine structure it should be consid-
ered just κ ∝ T−1 for the temperature range
under investigation (Umklap phonon-phonon in-
teraction). The thermal conductivity data calcu-
lated by the MD simulations are fitted to Eq. 12,
taking into account the aforementioned calcu-
lated prelogarithmic factors As=2.24 eV/A˚ and
Ae=1.24 eV/A˚ and the J factor for each inves-
tigated dislocation as well as the corresponding
core coordination characteristics are given in Ta-
ble 1. The J factor values, that are calculated,
lead to the following conclusion. The structural
characteristics of the core and more specifically
the coordination which characterize each indi-
vidual core structure rule the corresponding J
factor. In particular, the highest J factor corre-
sponds to the core configuration which is closer
to the pristine structure, and the J factor is de-
creased when the core coordination is diversi-
fied. For both screw and edge dislocations the
lowest J factor is calculated for the “wrong”
bonded core configurations. It should be no-
ticed here that, the energetical impact of over
coordination is lower that the under coordina-
tion by the use of the MSWp[32]. Hence, the
4E edge dislocation is closer to the perfect GaN
than the 8E core configurationand in many cases
4E edge dislocation has been denoted as per-
fect coordinated core configuration[10]. More-
over, it is expected and proved with the above
arguments that screw dislocations having higher
strain energy, i.e. more strained bonds, hinder
the thermal transport more than edge disloca-
tions, which are associated with lower elastic en-
ergy.
2.4 Dislocation density dependence of
the thermal conductivity
It has been observed experimentally [16, 17, 20]
and demonstrated theoretically [18, 19] that
there are two regimes of the thermal conductiv-
ity dependence over the density of dislocations:
the low and high dislocation density regimes.
In low density regime, the thermal conductiv-
ity does not vary upon the dislocations’ density,
while in high density regime the thermal con-
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ductivity varies as the inverse of the logarith-
mic of the dislocation density. In experiment
the threshold is at 107 cm−2, [16, 17] while in
simulations is at 1011 cm−2. [18, 19] Our model-
ing with MD is for dislocations’ densities equal
and greater than 1012 cm−2, thus we are in high
dislocation regime. Two bulk GaN systems with
edge and screw dislocation with density of dis-
locations 94.5 1011cm−2 are depicted in figure 6,
left and right respectively. The black arrows in-
dicate the positions of the cores of the direction
of the dislocation lines.
Figure 6: Defected bulk GaN with density of dis-
locations 94.5 1011cm−2 for (a) edge (4E) and (b)
screw (S6S) configurations at 300K. The black
arrows show the cores of the dislocations.
The thermal conductivity tensor components,
Table 1: The J factor and the corresponding core
coordination characteristics for each investigated
dislocation.
Type of J Core coordination
Dislocation factor characteristics
S6S 1.3 normal coordinated
D6S 1.0 wrong coordinated
4E 2.8 over coordinated
8E 2.1 low coordinated
5/7E 1.3 wrong coordinated
parallel and perpendicular to the dislocation
lines, are depicted in figure 7-(a) for bulk GaN
as a function of the screw S6S and edge 4E dis-
location density. First we notice that the evo-
lution of the thermal conductivity parallel and
perpendicular to the dislocation lines as a func-
tion of the density of dislocations is quite differ-
ent. The thermal conductivity tensor component
parallel to the dislocations is much less effected
than the vector perpendicular to the dislocations
when varying the density of dislocations. This
means that phonons are much less perturbed by
dislocations when they propagate in the same
direction as the dislocation’s line. The thermal
anisotropy is enhanced by increasing the disloca-
tion density. We then pass from anisotropy of 1.2
for the edge and 1.3 for the screw for a density
of 1012cm−2 to 4.6 for edge and 3.3 for screw for
a density of 1012cm−2. Interestingly, there is no
discrepancy on the variation of the total thermal
conductivity of the bulk GaN as a function of the
dislocation density for the systems with the two
types of dislocations (figure 7, right). Here we
observe the logarithmic dependence of the total
thermal conductivity on the density similar to
what it has been reported before [16, 17, 18, 19].
The thermal conductivity decreases rapidly by
increasing the dislocation density. Our results
are in good agreement with previous theoretical
results [18].
To compare the impact of the dislocation den-
sity on bulk system and nanowires, we added in
figure 7-(b) the thermal conductivity of the cor-
responding defected nanowires. The 4E disloca-
tion has the same impact on the thermal con-
ductivity of nanowires and bulk. In contrast the
S6S screw dislocation degrades the thermal con-
ductivity of nanowires in much more severe way
than in bulk GaN. This is owing to the stronger
coupling between the screw dislocations and the
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Figure 7: (Color online) Thermal conductivity of bulk GaN as a function of dislocations’ density for
the edge E4 and the screw S6S configurations (a) thermal conductivity tensors components parallel
and perpendicular to the dislocation lines (b) total thermal conductivity for bulk and nanowires
with dislocations. The straight lines of the total and the a,c axis thermal conductivity vectors of
the crystalline with no defects bulk GaN are added to help the discussions.
surfaces of the nanowire than for the edge dislo-
cations.
3 Conclusions
The interaction between phonons and the core
of dislocations and their strain field leads to the
decrease of the thermal conductivity. The dis-
locations that distort the lattice in large spa-
tial region as the screw dislocations scatter ef-
fectively the phonons and especially those with
large wavelengths[71].
Edge and screw dislocations have different
impact on the thermal properties of GaN
nanowires. The difference might be quite impor-
tant depending on the type of the dislocation and
the core configuration. The nature of the bonds
involved by the atoms at the core of the dislo-
cation explains qualitatively the impact of each
type of dislocation. Ga-N covalent bonds around
the dislocation are stiffer and reduce the ther-
mal transport, while the Ga-Ga or N-N “wrong
bonds”, which are “softer”, influence less the
phonon transport. Finally dangling free bonds
seems to have minimal influence on the thermal
transport. Screw dislocations reduce the ther-
mal conductivity by a factor of two compared
to the edge dislocations. The physical origin of
the effect of dislocations has been explained in
the framework of linear elasticity theory and MD
simulations’ results, with which we found that
the thermal conductivity is inverse proportional
to the elastic energy of the dislocations. The
temperature dependence of the thermal conduc-
tivity varies also depending on the type of dislo-
cation. A physical law that elucidates the tem-
perature dependence of the TC of isolated dislo-
cations with an exponent factor which depends
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on the material, dislocation’s type and the core
characteristics has been described. The effect of
the strain field of the screw dislocations is found
to be more pronounced than this of the edge dis-
locations.
Concerning the impact of the density of dis-
locations on the thermal conductivity of bulk
GaN, we confirmed previous results: high dislo-
cation density reduces rapidly the total thermal
conductivity following a logarithmic dependence.
A striking point is that the thermal conductiv-
ity tensor components parallel and perpendicu-
lar to the dislocations lines show different depen-
dence on the dislocation density. Furthermore
the anisotropy of the thermal tensors grows in in-
creasing the density of dislocations. Comparing
the results of the impact of dislocations on the
thermal properties of nanowires and bulk sys-
tem, we revealed a different behavior of the screw
dislocations in decreasing the dimensions of the
system. It seems that screw dislocations inter-
acts stronger with the surface of nanowires than
edge dislocations, decreasing further the phonon
transport.
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